Introduction
Following the development of direct ethanol fuel cells (DEFCs), considerable attention has been directed to the electrooxidation of ethanol.
[1] DEFCs are promising fuel cells that can be classified according to the membrane used, namely, proton-exchange membrane DEFCs and anion-exchange membrane DEFCs.
[2] However, the commercial application of DEFCs is currently hindered by low catalytic activity and durability in the ethanol oxidation reaction.
[3] Consequently, efforts are presently devoted to the development of anode materials with enhanced activity and durability for DEFCs under acidic or basic conditions. [1c, 2a, 4] It is generally accepted that the ethanol oxidation reaction undergoes both parallel and consecutive paths, which results in various adsorbed intermediates and byproducts. Most importantly, the complete oxidation of ethanol to CO 2 requires cleavage of the CÀC bond, which is difficult at low temperatures. Currently, platinum supported on carbon (Pt/C) is the preferred material for the dissociative adsorption of small organic molecules at low temperatures in acidic solutions, whereas PtRu/C and PtSn/C alloys have been measured to be the most effective catalysts for the ethanol oxidation reaction. [5] For example, compared with a commercial PtSn/C E-TEK catalyst, the performance of a DEFC was improved if Pt 3 Sn/C was used as the anode catalyst. [6] Although Pd catalysts, relative to Pt-based catalysts, are nearly inert for the ethanol oxidation reaction in acidic media, these catalysts have demonstrated competitive and enhanced activity in high pH media. [1d, 7] Xu et al. [7a] compared the ethanol oxidation activity on Pt and Pd in alkaline media by cyclic voltammetry with catalysts supported on Vulcan carbon and carbon microspheres, respectively. The onset potential for ethanol oxidation on Pd shifted to lower potentials with respect to that on Pt. The peak current density for Pd was, furthermore, found to be higher than that on Pt. These results suggest that the activity for ethanol oxidation is higher on Pd than on Pt, regardless of the type of support used.
One route to develop catalysts with enhanced performance is to add a cheap metal or metal oxide promoter to the noble metal catalysts. However, one challenge is the instability of such promoters under the operating conditions, which often leads to rapid decay of catalytic performance. [8] Recently, we found that Ni 2 P is an effective co-catalyst that greatly promotes the activity of Pt and Pd catalysts in the oxidation of small organic molecules in fuel cells.
[9] Specifically, the activity and stability of the Pt catalysts were greatly improved in the presence of Ni 2 P in direct methanol fuel cells. [9b] Owing to the impressive promotion effect, we tried to extend the work to ethanol oxidation in direct ethanol fuel cells. Compared with the fuels of methanol and formic acid, although similarities existit is still a challenge to develop robust catalysts, because of the complicated molecular structure [10] that requires Ethanol is an alternative fuel for direct alcohol fuel cells, in which the electrode materials are commonly based on Pt or Pd. Owing to the excellent promotion effect of Ni 2 P that was found in methanol oxidation, we extended the catalyst system of Pt or Pd modified by Ni 2 P in direct ethanol fuel cells. The Ni 2 P-promoted catalysts were compared to commercial catalysts as well as to reference catalysts promoted with only Ni or only P. Among the studied catalysts, Pt/C and Pd/C modified by Ni 2 P (30 wt %) showed both the highest activity and stability. Upon integration into the anode of a homemade direct ethanol fuel cell, the Pt-Ni 2 P/C-30 % catalyst showed a maximum power density of 21 mW cm
À2
, which is approximately two times higher than that of a commercial Pt/C catalyst. The PdNi 2 P/C-30 % catalyst exhibited a maximum power density of 90 mW cm
. This is approximately 1.5 times higher than that of a commercial Pd/C catalyst. The discharge stability on both two catalysts was also greatly improved over a 12 h discharge operation. more active and effective catalytic materials. In the present work, we thoroughly evaluated the effect of adding Ni 2 P to a catalyst system for the electrooxidation of ethanol. In particular, the Pt-Ni 2 P/C hybrid catalyst was evaluated for the electrooxidation of ethanol in acid solution, and the Pd-Ni 2 P/C hybrid catalyst was evaluated for the same reaction in alkaline solution. To our delight, both Ni 2 P-modified catalysts showed a remarkable enhancement in performance for ethanol oxidation. Moreover, if the hybrid catalysts were integrated into the anode of the DEFCs, both of the Ni 2 P-modified catalysts showed remarkably high power density and discharge ability relative to that displayed by commercial and homemade Pt/C and Pd/C reference catalysts.
Results and Discussion
Typical transmission electron microscopy (TEM) images of the Ni 2 P/C-30 %, Pt-Ni 2 P/C-30 %, and Pd-Ni 2 /C-30 % catalysts are shown in Figure 1 . The Ni 2 P particles are uniformly distributed on the carbon surface (Figure 1 a) , and the lattice fringes of the Ni 2 P nanoparticles are clearly observed (Figure 1 b) . The Pt and Pd nanoparticles are also uniformly distributed on the Ni 2 P/C hybrid support (Figure 1 c, e) , and the lattice fringes of Pt (Figure 1 d) and Pd (Figure 1 f) are visible. The average particle size for all the Pt catalysts is approximately 2.6 nm, and for all the Pd catalyst it is approximately 3.7 nm; both are within the range of the optimal particle sizes for fuel cells (Table S1 , Supporting Information). Figure 2 shows the X-ray diffraction (XRD) patterns of Ni 2 P/C, Pt-Ni 2 P/C-30 %, and Pd-Ni 2 /C-30 % as well as that of the homemade Pt/C and Pd/C catalysts (Pt/C-H and Pd/ C-H). The peak at approximately 258 in all the samples is ascribed to carbon. Typical peaks above 308 observed on the Ptand Pd-based catalysts are attributed to the face-centered cubic phases of Pt and Pd. The peaks for Ni 2 P are not observed in the Pt-Ni 2 P/C-30 % and Pd-Ni 2 P/C-30 % catalysts, which may be covered up by the strong and broaden peaks of Pt and Pd. However, the presence of Ni 2 P was further confirmed by energy-dispersive X-ray spectroscopy (EDS) and elemental distribution maps. [9] The electrochemical surface areas of the Pt and Pd catalysts were calculated according to either the hydrogen adsorption peaks or the preadsorbed CO oxidation peaks (Table S1 ). Typical Pt and Pd electrochemical behavior for all the catalysts was observed ( Figure S1 ), and CO stripping voltammetry was also used as a tool to compare the antipoisoning ability of the adsorbed intermediates ( Figure S2 ). The results indicate that the CO tolerance of the Ni 2 P-modified Pt and Pd catalysts was improved relative to that of the reference catalysts (Table S1 ). In the following, we will discuss the electrochemical measurements in two parts, namely, the Pt-based catalyst system in acid solution and the Pd-based catalyst system in alkaline solution.
The activities of different Pt catalysts with different loadings of Ni 2 P for ethanol oxidation were compared (Figure 3 a for mass activity and Figure S3 a for specific activity). It is evident that the loading of Ni 2 P has a pronounced effect on the catalytic performance. The optimal catalyst has a Ni 2 P loading of 30 % on carbon and shows a peak current of approximately 15 A m À2 or 1200 mA mg ure S3 b for specific activity; Table S2 a for overall peak current comparison). The peak current is approximately 2 times higher than that of the commercial Pt/C catalyst and 4.6 times higher than that of the homemade Pt/C catalyst. Moreover, it also has a larger promotion effect than the Ni-and P-promoted Pt/C catalysts (PtNi/C and PtP/C), which again confirms the promotion effect of Ni 2 P on Pt catalyst in the oxidation of small organic molecules. Owing to the position shift of the peak current, the current at 0.9 V is also compared in Table S2 a; the trend follows the same order as the peak current. We further explored the catalytic ability of the Pt-Ni 2 P/C-30 % and Pt/C catalysts for the electrooxidation of ethanol oxidation intermediates such as acetaldehyde and acetic acid (Figure S3 c). Ni 2 P alone had almost no catalytic activity for the oxidation of ethanol, acetaldehyde, or acetic acid, but the Pt-Ni 2 P/C catalyst exhibited much better activity than the Pt/C catalyst for the oxidation of the same molecules. Specifically, the activity of the Pt-Ni 2 P/C catalyst for ethanol oxidation was approximately 4.6 times higher than that of the Pt/C catalyst; however, slightly better performance was observed for the oxidation of acetaldehyde and acetic acid. The combination of Pt and Ni 2 P indeed promoted the oxidation of small organic molecules. However, as a result of the complicated oxidation process, spectroscopic studies are needed to understand the catalytic mechanism.
The stability of the promoted Pt system was compared to that of the commercial Pt catalyst over 1000 cycles ( Figure S4 ). The Pt-Ni 2 P/C-30 % catalyst retained 60 % of its initial current density, whereas the Pt/C-JM catalyst retained 45 % of its initial activity. From the chronoamperometry curves ( Figure S5 ), the Ni 2 P-modified Pt/C catalyst also exhibited stability that was improved relative to that of various reference catalysts.
The cyclic voltammetry (CV) curve of the Pt-Ni 2 P/C-30 % catalyst at different scan rates in 0.5 m H 2 SO 4 /1 m ethanol is shown in Figure 4 , and the curves of other Pt-based catalysts are compared in Figure S6 . With an increase in the scan rate, the peak current increased, and this occurred along with a positive shift in the peak potential as a result of the ohmic drop generated at high current density.
[11] A linear curve is observed by plotting the peak current versus the square root of the scan rate (inset in Figure 4 and Figure S6 ), which is indicative of a diffusion-controlled process. [12] The relationship between the peak current and the scan rates follows an equation for which the slope is related to the electron-transfer coefficient in the ratedetermining step; [12, 13] in this study, the Ni 2 P-modified Pt catalyst showed a slope that was greater than that of the reference catalyst, and the largest slope was observed for the Pt-Ni 2 P/C-30 % catalyst, which is indicative of the largest electron-transfer rate in the rate-determining step. The Tafel slope is usually used as an indication of the electron-transfer coefficient, and the lowest Tafel slope was observed for the Pt-Ni 2 P/C-30 % catalyst, which is indicative of the fastest kinetics for the catalyzed oxidation of ethanol ( Figure S7 ).
Electrochemical impedance spectroscopy (EIS) is a useful technology to evaluate the kinetics for ethanol oxidation at different potentials. Nyquist plots for Pt-Ni 2 P/C-30 % are shown in Figure 5 a, and those for other catalysts are shown in Figure S8 . The behavior of the Pt-based catalysts for ethanol oxidation was similar to that for methanol oxidation.
[9b] In agreement with the CV data, ethanol oxidation started at 0.56 V, at which point a circle arc began to form. At 0.56-0.66 V, "pseudoinduc- tive" behavior was observed, for which a positive loop at high frequencies was accompanied by a low frequency loop in the fourth quadrant. This is common behavior for the Pt-catalyzed oxidation of small molecules, and it indicates that reaction intermediates such as CO are adsorbed on the Pt surface. With an increase in the potential to 0.76 and 0.86 V, because of the oxidation of the adsorbed intermediates, the shapes of the Nyquist plots changed dramatically, and the plots are located in the second and third quadrants. With a further increase in the potential, the shape of the Nyquist plots with "pseudoinductive" behavior was observed again (0.96 to 1.26 V), whereas the charge-transfer resistance was reduced because of the easily catalyzed oxidation of ethanol at high potential. Furthermore, the Nyquist plot at 0.86 V was compared for the various catalysts ( Figure 5 b) . According to the diameter of the semicircle or the arc that is related to the charge-transfer resistance, the Pt-Ni 2 P/C-30 % catalyst showed the smallest diameter. Thus, it has the highest activity for ethanol oxidation.
Also, the Pd-Ni 2 P/C hybrid catalyst was evaluated, and its behavior was compared to that of various reference catalysts for ethanol oxidation under alkaline conditions. Figure 6 a compares the activity of Pd-Ni 2 P/C catalysts with different loadings of Ni 2 P for ethanol oxidation ( Figure S9 a for specific activity) . It is evident that the amount of Ni 2 P also has a strong influence on the activity of Pd, and also in this case, the optimal loading was also found to be 30 % Ni 2 P on carbon as a result of the balanced interaction between Pd and Ni 2 P.
[9a] The Pd-Ni 2 P/C-30 % catalyst was further compared to various reference catalysts including Ni-and P-promoted Pd/C, commercial Pd/C-JM, and homemade Pd/C catalysts. According to the CV curves in Figure 6 b ( Figure S9 b for the specific activity; Table S2 b for the overall peak current comparison), the highest catalytic activity was observed for the Ni 2 P-modified catalyst. Specifically, it was roughly three times more active than the Pd/C-H and Pd/C-JM catalysts and two times more active than the PdNi/C and PdP/C catalysts. Similarly, the current at 0.9 V is compared in Table S2 b, and the trend follows the same order as the peak current. From the chronoamperometry curves, improved catalytic stability was also observed on the Ni 2 P-modified Pd catalyst ( Figure S10 ). Furthermore, an accelerated stability test was evaluated on all the catalysts by recording CV curves over 500 cycles ( Figure S11 ), and the activity based on the peak current was compared to the first cycle in Figure S12 . It is clear that the Ni-promoted Pd catalyst suffered serious performance decay (35 %) because of the loss of Ni, whereas the performance decay was slightly better for the P-promoted Pd catalyst (60 %). Notably, the activity was as high as 80 % of the first cycle for all the Ni 2 P-promoted Pd catalysts. This observation further confirms the promotion effect of Ni 2 P.
Nyquist plots for Pd-Ni 2 P/C-30 % are shown in Figure 7 a, and those for the other catalysts are shown in Figure S13 . With an increase in the potential to 0.56 V, the shape of the plots changed from a straight line to an arc; this is consistent with the CV behavior, which is indicative of increased kinetics for ethanol oxidation. At 0.66 to 0.86 V, the shape of the Nyquist plots changed to a semicircle; this is related to charge-transfer resistance. The smallest diameter appeared at 0.86 V, and this is indicative of the smallest charge-transfer resistance and the highest kinetics for ethanol oxidation. With a further increase in the potential (0.96-1.06 V), increased resistance was observed as a result of passivation and poisoning of the Pd active sites. The Nyquist plots at 0.86 V are compared for various catalysts in Figure 7 b, and the Pd-Ni 2 P/C-30 % catalyst showed the smallest diameter, which is indicative of the highest activity for ethanol oxidation. Cyclic voltammograms at different scan rates for all catalysts are shown in Figure S14 , and the inset is the corresponding slope by plotting the peak current versus the square root of the scan rates. The peak current increased as the scan rate was increased, and a linear relationship was observed owing to a surface diffusion-controlled process. It is evident that the Pd-Ni 2 P/C-30 % catalyst has the greatest slope, and this indicates that it has the fastest electron-transfer rate in the rate-determining step; [14] this was further confirmed by the smallest Tafel slope ( Figure S15) . Thus, by combining the above results it can be concluded that the kinetics of ethanol oxidation on the Ni 2 P-modified Pd/C catalyst is greatly increased.
To evaluate the potential application of the Ni 2 P-modified catalysts, the Pt-Ni 2 P/C-30 % and Pd-Ni 2 P/C-30 % catalysts with the analogous reference catalysts were integrated into the anode of a direct ethanol fuel cell. Figure 8 a shows the steady polarization curves and power density curves for the Pt-based catalyst by using a proton-exchange membrane. The fuel cell with the Pt-Ni 2 P/C-30 % catalyst showed the highest power density of approximately 21 mW cm
À2
, which is approximately two times higher than that of the commercial Pt/C catalyst (12 mW cm
) and the homemade Pt/C catalyst (10 mW cm
). Despite a slow performance decay upon discharging the fuel cell at 0.3 V for 12 h, the stable power density (two times higher than that of the reference catalysts) is still acceptable (Figure 8 b) . Figure 9 a shows the steady polarization curves and power density curves for the Pd-based catalyst by using an anion-exchange membrane. The fuel cell with the Pd-Ni 2 P/ C-30 % catalyst also showed the highest power density of 90 mW cm À2 , which is approximately 1.5 times higher than that of the commercial Pd/C catalyst (60 mW cm
) and 2 times higher than that of the homemade Pd/C catalyst (45 mW cm
). Though the performance is slightly lower than that obtained by employing the commercial anion-exchange membrane, a great promotion effect is clearly observed. [15] Upon discharging at 0.35 V, the cell with the Pd-Ni 2 P/C anode catalyst not only showed the highest power density but it also showed the highest stability. The power density was stable at approximately 80 mW cm À2 (Figure 9 b) . Together with the electrochemical measurements, it can be concluded that Ni 2 P is an effective catalyst promoter in combination with a noble metal catalyst in direct ethanol fuel cells. The catalytic activity and stability were remarkably enhanced relative to the values observed for the reference catalysts, including the commercial catalysts and the Ni-and P-modified catalysts. The promotion effect should be attributed to a balanced interaction between Ni 2 P and Pd/Pt, [9] in which partial electron transfer occurs from Ni 2 P to Pd/Pt. However, further spectroscopic and computational studies are warranted for further understanding of the catalytic mechanism.
Conclusions
Ni 2 P as an effective catalytic promoter was evaluated in direct ethanol fuel cells. Both the Pt and Pd catalysts modified by Ni 2 P showed greatly enhanced catalytic activity and stability for ethanol oxidation. Electrochemical impedance spectroscopy showed that the presence of Ni 2 P in the hybrid Pt and Pd catalyst systems reduced the charge-transfer resistance. Accelerated ethanol oxidation kinetics were also observed from the small Tafel slope. Upon integration into the anode of direct ethanol fuel cells, the Pt-Ni 2 P/C-30 % catalyst showed the highest power density of approximately 21 mW cm À2 by using a proton-exchange membrane. The Pd-Ni 2 P/C-30 % catalyst also showed the highest power density of 90 mW cm À2 with an anion-exchange membrane. The discharge stability was also improved owing to the presence of the Ni 2 P promoter. The promotion effect should be attributed to a balanced interaction between Ni 2 P and Pd/Pt. The present discovery is a significant step in the development of highly active catalysts for direct ethanol fuel cells.
Experimental Section
The catalysts were prepared by a method similar to that reported in our previous publication. [9] In brief, the hybrid Ni 2 P/C support was first prepared by solid-phase reaction with different loadings of Ni 2 P on carbon. In the next step, Pt or Pd was deposited on the hybrid support by a microwave-assisted ethylene glycol reduction method. The amount of Ni 2 P was varied from 10 to 50 % with respect to carbon. The mass loading of Pt or Pd in the hybrid catalyst was 20 %. For reference, a commercial Pt(Pd)/C catalyst together with a homemade Pt(Pd)/C catalyst and a Pt(Pd)/C catalyst modified by Ni or P were also investigated.
All X-ray diffraction (XRD) measurements were performed with a PW1700 diffractometer (Philips Co.) by using a CuK a (l = 1.5405 ) radiation source operating at 40 kV and 40 mA. Transmission electron microscopy (TEM) and high-resolution transmission electron microscopy (HRTEM) were conducted with a TECNAI G2 instrument operating at 200 kV.
The electrochemical measurements were performed with an EG&G Par potentiostat/galvanostat (Model 273A Princeton Applied Research Co. USA) and a conventional three-electrode electrochemical cell. A Pt plate and a saturated calomel electrode (SCE) were used as the counter and reference electrodes, respectively. All the potentials were measured against the reference SCE. The working electrode was prepared by a method similar to that reported previously. [16] The apparent surface area of the glassy carbon electrode was measured to be 0.12 cm 2 . All electrochemical measurements were performed in a 0.5 m H 2 SO 4 or KOH solution with or without 1 m ethanol deaerated by pure nitrogen for 15 min prior to any measurements. For the electrooxidation of ethanol, the potential range was from À0.2 to + 0.8 V vs. SCE in the acid solution and from À0.8 to + 0.2 V vs. SCE in the alkaline solution. The CO ad stripping voltammograms were measured in a 0.5 m H 2 SO 4 or KOH solution. CO was purged into the 0.5 m H 2 SO 4 or KOH solution for 15 min to allow complete adsorption of CO onto the catalyst (the working electrode was kept at 0 or À0.6 V vs. SCE) and the excess amount of CO in the electrolyte was purged out with N 2 for 15 min. The amount of CO ad was evaluated by integration of the CO ad stripping peak. EIS was recorded in the frequency range from 100 kHz to 0.01 Hz with 10 points per decade. The amplitude of the sinusoidal potential signal was 5 mV. The potentials measured versus SCE were rescaled to the reversible hydrogen electrode (RHE) scale according to the Nernst equation [Eq. (1)]:
For the Pt-based catalysts for ethanol oxidation, Nafion 117 (DuPont) was used as the proton-exchange membrane, and pretreatment of the Nafion membrane was accomplished by successively treating the membrane with 5 wt % H 2 O 2 solution at 80 8C, distilled water at 80 8C, 8 wt % H 2 SO 4 solution at 80 8C, and then distilled water at 80 8C again for 30 min in each step.
Membrane electrode assemblies (MEAs) with a 9 cm 2 active cell area were fabricated by using a "direct paint" technique to apply the catalyst layer. The "catalyst inks" were prepared by dispersing the catalyst nanoparticles into appropriate amounts of Millipore water and a 5 % recast Nafion solution. Anode and cathode "catalyst inks" were directly painted onto carbon paper (TGPH060, 20 wt % polytetrafluoroethylene, Toray). The cathode consisted of unsupported platinum black nanoparticles (27 m 2 g À1 , Johnson Matthey) at a standard loading of 4 mg cm À2 . The anode consisted of carbon-supported Pt catalysts. A single cell test fixture consisted of machined graphite flow fields with direct liquid feeds and goldplated copper plates to avoid corrosion (Fuel Cell Technologies, Inc.). Hot-pressing was conducted at 140 8C and 1.01 MPafor 90 s. Three different anode catalysts were investigated in this study: 20 wt % Pt on Ni 2 P@Vulcan XC-72 (Pt-Ni 2 P/C-30 %), 20 wt % commercial Pt/C (Pt/C-JM), and 20 wt % Pt on Vulcan XC-72 (Pt/C-H). The anode catalyst loading of Pt/C was 5 mg cm
À2
, including the mass of the carbon supports.
The MEA was fitted between two graphite plates in a punctual flow bed. The polarization curves were obtained by using a Fuel Cell Test System (Arbin Instrument Corp.) under the operation conditions of 60 8C. High-purity O 2 (99.99 %) was applied as the oxidant at 200 mL min À1 as the cathode atmosphere and 2 m ethanol was used as the reactant feed at the anode side at 20 mL min
À1
. The potential range was from the open-circuit potential to 0.1 V, and one point was collected every 0.05 V; a delay of 1 min was applied to obtain steady-state plots. Both sides were under ambient pressure.
For the Pd-based catalysts for ethanol oxidation in alkaline solution, a self-cross-linked alkaline solid polymer electrolyte (xQAPS) [17] was used to prepare the anion-exchange membrane with a thickness of approximately 40 mm for the alkaline direct ethanol fuel cells tested in this study. Before fabrication of the MEA, the membrane was soaked in 2 m KOH for at least 1 week to exchange the ions to HO À . The membrane was then rinsed and stored in Millipore water for 2 days before later use. The cathode consisted of unsupported platinum black nanoparticles (27 m 2 g
, Johnson Matthey) at a standard loading of 4 mg cm À2 . The anode consisted of carbon-supported Pd catalysts. The anode, cathode, and membrane were sandwiched together and pressed at 130 kg cm À2 for 5 min at room temperature. [18] Three different anode catalysts were investigated in this study: 20 wt % Pd on Ni 2 P@Vulcan XC-72 (PdNi 2 P/C-30 %), 20 wt % commercial Pd/C (Pd/C-JM), and 20 wt % Pd on Vulcan XC-72 (Pd/C-H). The anode catalyst loading of Pd/C was 5 mgcm
À2
, including the mass of the carbon supports. High-purity O 2 (99.99 %) was used as the oxidant at 200 mL min À1 as the cathode atmosphere and the fuel used was 2 m ethanol in 2 m KOH at an operation temperature of 60 8C. The potential range was from the open-circuit potential to 0.1 V, and one point was collected every 0.05 V; a delay of 1 min was applied to obtain steady-state plots. Both sides were under ambient pressure.
